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Reduction of Ln 2 Ti 2 O 7 layered perovskites: a survey of the anionic
Lattice, Electronic Features, and Potentialities
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Univ. Lille, CNRS, ENSCL, Centrale Lille, Univ. Artois, UMR 8181 -UCCS -Unité de 2 while for a low hydride content a semiconducting state can also be reached. 3 We recall that upon reduction of Ruddlesden-Popper (RP) phases, Ca n+1 Ti n O 3n+1-δ , under flowing H 2 also gives metallicity even with tiny oxygen deficiency (δ < 0.001) which provides activated electrons from the conduction band. 4 This ability for tuning the bandgap in mixed Ti 3+ /Ti 4+ RP systems in a controlled manner offers promising potentials for various photo-electronic properties.
An extra opportunity is given to the A n B n O 3n+2 series (n = integer) 5, 6 composed also of perovskite-like blocks separated by A cations. The perovskite layer n extends from 2 to 6 and n → ∞ corresponds to the three-dimensional standard perovskite ABO 3 . For lanthanide (Ln) titanates, the increase of n from 4 (Ln 7 At the pyrochlore side, the CaH 2 reduction for small A 3+ ions (e.g. Y, Lu, Yb) topochemically leads to reduced pyrochlore AB 2 O 7-δ with an A/B anti-site disorder and phase separation. 8, 9 For bigger A 3+ ions (e.g. Sm, Eu), the transformation into ABO 3 perovskite was reported, 8 while more recent investigation of the reduction for Eu indicated the formation of perovskite oxyhydrides EuTiO 3−x H x (x ≤ 0.3). 10 To the best of our knowledge, no significant result has been obtained for layered perovskites. La 2 Ti 2 O 7 is a ferroelectric compound well known for its high Curie-temperature, spontaneous polarization and dielectric constant (T c ~ 1500 °C, Ps ~ 5 µC.cm -2 , ε ~ 42-62). 11 Tuning the gap of this compound while conserving the non-centrosymmetry is challenging. Undoped La 2 Ti 2 O 7 has a wide bandgap of 3 -4 eV, the magnitude of which depends on its microstructure, 12 and it exhibits photocatalytic activity under UV irradiation. This material can also be used for H 2 generation by water splitting 13 for the degradation of volatile organic compounds 14 and the photoreduction of metal ion such as Cr (IV). 15 A further reduction of the gap into the visible light region is highly demanded and in fact this could be achieved by Rh 3+ , Fe
3+
, Cr 3+ doping leading to H 2 evolution from aqueous-methanol solution due to unfilled 3d localized levels in the gap. 16, 17, 18 Recently, it has been experimentally demonstrated that nitrogen-doped La 2 Ti 2 O 7 nanosheets showed both significant visible light but also enhanced ultraviolet photocatalytic activity. 19 Here, first principle calculations suggest that both N 3-host and oxygen vacancies act to narrow the bandgap by creation of a continuum band at the top of the valence band. Apart from aliovalent doping, introduction of only a small Ti 3+ content in La 2 Ti 2 O 7 has been reported using a combustion synthesis route. 20 In our work, the LTO bandgap engineering was provided by using either solid hydride or H 2 gas as reducing agents. Although both routes provided a maximal ratio of ca. 4 % of oxygen vacancies upon topochemical reduction, contrasted microstructures have been obtained. This aspect will be discussed on the basis of the structure ability to accommodate anionic vacancies in that context. In addition, the weak H -incorporation using the solid route was analyzed by means of pulsed EPR, giving microscopic insights into the Ti---H bonding nature. Besides, precise characterizations of the reduced LTO forms and preliminary aptitudes for electro catalytic water splitting are demonstrated. The reduction via the hydrogen route was performed by firing La 2 Ti 2 O 7 under flowing pure hydrogen gas in a tubular furnace during 12h at a temperature of 1000°C. The furnace was then switched off to rapidly cool the sample while preserving the hydrogen flow. This treatment was found to allow the best compromise between reduction and nondecomposition. Caution: for both treatments, using solid CaH 2 or H 2 flow, particular safely rules must be respected to avoid contact with air.
Experimental and techniques
Synthesis
Diffraction: X-ray diffraction (XRD) patterns were collected using a Bruker AXS D8 Advance X-ray diffractometer (radiation Cu Kα = 1.5418A) equipped with a fast detector type LynxEye using a copper anticathode and a secondary beam monochromator. The scanning rate was 0.02° with the step time adapted for each sample. XRD data were also collected on the Synchrotron 11-BM beamline at the Advanced Photon Source (APS, Argonne National Laboratory) with a wavelength of λ=0.4137Å. High-resolution Powder Neutron Diffraction (PND) experiment was carried out at the ILL on the 3T2 diffractometer, λ = 1.22 Å.
Elemental Analysis: the Elemental Analysis for the quantification of C, H and N contents in LTO, LTO-H 2 and LTO-CaH 2 samples were made on a HPLC analysis using a Chiralpak AD column (hexane/iPrOH = 90/10, flow = 0.8 ml/min). XPS measurements: X-ray photoelectron spectroscopy (XPS) experiments were performed using an AXIS Ultra DLD Kratos spectrometer equipped with a monochromatized aluminum source (Al K α = 1486.7 eV) and charge compensation gun. All binding energies were referenced to the C 1s core level at 285 eV. Simulation of the experimental photo peaks was carried out using a mixed Gaussian/Lorentzian peak fit procedure according to the software supplied by CasaXPS. EPR measurements: X-band measurements were performed at 4 K with a Brüker ELEXYS E580 equipped with a cryofluid-free cryostat. Continuous wave (CW) spectra were recorded using respectively 1mW microwave power and 5G of amplitude modulation. In a HYSCORE (hyperfine sublevel correlation spectroscopy) experiment, characterized by the four pulse Density functional theory (DFT) calculations were performed using the Vienna ab initio simulation package (VASP). 21 The calculations were carried out within the generalized gradient approximation (GGA) for the electron exchange and correlation corrections using the Perdew-Wang (PW91) functional and the frozen core projected wave vector method.
22, 23
The full geometry optimizations on the three studied models (1-precursor oxide, 2-oxyhydride and 3-lacunar) were carried out using a plane wave energy cutoff of 550 eV and a set of 5×3×7 k-points. All structural optimizations converged with residual HellmanFeynman forces on the atoms smaller than 0.03 eV/Å. The relaxed structures were used for calculations of the electronic structure. In that purpose, we employed a plane wave energy 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 after XRD-profile fitting using the Cox-Hasting function implemented in the Fullprof suite. 25 The instrumental profile was determined using a LaB 6 standard. Table 1 gives the refined lattice parameters for various samples and radiation sources.
The evolution between LTO and LTO-CaH 2 is minor while only LTO-H 2 shows a detectable cell contraction. However this latter should be considered with precaution, taking into account the relative evolution of the microstructure. Indeed, the as-prepared LTO (white powder)
particle size was refined to β size = 5474 (8) . It proves that prior to the reconstructive reduction, the topochemical reduction is allowed while the structure suffers instability and local decomposition. All electron diffraction patterns obtained for reduced LTO samples show evidence for superposition of disoriented domains due to this drastic size reduction, see Figure S1b . It is such that the searching of eventual n= 5 intergrown domains by HREM was not possible. Then, as discussed later about magnetic properties, a certain degree of surficial segregation of reduced species is expected.
Additionally, the refinement is imperfect, due to diffuse shoulder at the bottom of some peaks and asymmetric broadening that occurs at high or low angles depending on the reflections. This effect is clearly evidenced on the high resolution XRD data (synchrotron radiation, 11BM, Argonne Laboratory, λ=0.414 Å) as shown by blue arrows on the figure 1e by drastic asymmetric broadening effects that we did not attempt to model. The diffuse shoulder should arise from an uneven distribution of diffracting particle sizes and the asymmetric broadening presumably indicates local intergrowth defects between distinct perovskite blocks, commonly found after reduction, see the reduced RP Nd 4 Ni 3 O 8 prepared under flowing hydrogen. 26 This type of irregular intergrowth of the layers has also been reported after the Besides the size reduction, the color changes show major modifications of the electronic structure, analyzed hereafter by the UV/vis spectroscopy ( Figure 1g ). LTO shows a bandgap Similarly to what has been reported for aliovalent doped Ti 1-x M x O 2-δ , electron-doping populates defect levels below the conduction band and shifts the bandgap edge deep into the forbidden gap (Urbach tail). 30 Figure S2 . Here again, the as-prepared Although the transmission step for the three LnTO-CaH 2 samples should be interpreted with precaution, it could picture the gap narrowing by donor/shallow levels at the bottom of the conduction band. It suggests a narrow-gap semiconducting behavior, although we have not been able to measure a reasonable electric conductivity on densified pellets (compacity ~68%). Both blocking grain boundaries and inhomogeneities of the distribution of vacancies may be involved. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 argon (see figure S3) shows an important mass loss (>13%) until 650°C. This mainly stems from residual solvent absorbed on the nanosized grains. Around T= 400°C, a second step is assigned to the removal of various surficial species, including a weak but undoubtful H 2 peak (m/e=2) detected by mass spectrometry. The second abrupt mass loss around 650°C
corresponds to the departure of the carbonate species (m/e=44). To remove most of the solvent and undesirable species, samples were heated overnight at 100°C in secondary vacuum. After combustion in a commercial elementary analyzer chamber, a significant decrease of the carbon and hydrogen content was observed, reaching values close to those for the pristine LTO and LTO-H 2 , see Table S4 . Figure   5 . The refined atomic coordinates, occupancies and thermal parameters are listed in Table 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 Atomic distances are presented in Table S6 . It is striking that only the central atoms of the perovskite blocks forming Ti-O-Ti bridges in the ab plane are deficient which denotes a certain anisotropy in the topochemical depletion process before the structure collapsing. It is also noteworthy that external atoms at the interlayer edges are not concerned by reduction, see Figure 6a .
Fig 5: experimental (red) calculated (black) and difference (blue) PND pattern for LTO-CaH 2 with Bragg contributions of two phases (green) : La 2 Ti 2 O 6.73 (top), La 5 Ti 5 O 17 (bottom). The inset shows a zoom of the 10-50° range.
Magnetic Properties: Quantification of indicates a certain segregation of reduced species at the surface, together with the nanometrization upon reduction, leading to intrinsic weak ferromagnetic component.
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Fig 6: a) Crystal structure and atom labels for LTO-CaH 2 refined from PND data. Black and red atoms correspond to partially occupied and fully occupied oxygen positions. b) Fragment of the structure used for DFT calculations with O7 (black) replaced by vacancies or H -ions. The local moment on each Ti sites is given at the bottom.
According to the non-linear χ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This competition is such that it was not possible to extract a reasonable µ eff value from the high temperature data. Assuming predominant paramagnetism in the 2-200 K range for H= 1kOe, the fit using χ= C/(T -θ) + χ 0 gives µ eff = 0. exchanges between them compared to highly divided LTO-H 2 (size ~ 295 nm). In the later, the surficial Ti 3+ amount is expected biggest with more enhanced inhomogeneities between the core and the surface.
Fig 7 a) M(H) magnetization plots for LTO-H 2 (blue) and LTO-CaH 2 (black) on decreasing the applied field. The high-field region shows similar magnetization at 2 K, while for LTO-H 2 the variation is dominated by diamagnetism at 300 K. b) Zoom of the low field region with evidences of weak remanent moments and their variations versus T. c) inverse susceptibility χ -1 (T) at 200 Oe, 1 kOe and 3 kOe (black) with their fit in the HT region (red). χ -1 (T) at 1KOe for LTO-H 2 fitted in the LT region (red).
Electronic Structure: DFT optimizations of the precursor La 2 Ti 2 O 7 and of two modified models were carried out. 21 The models correspond to an oxyhydride and a lacunar phase, respectively, in which the oxygen site O7 is replaced by an H atom (La 2 Ti 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 charge repartition through the analysis of DFT-calculated local moments and projected DOS for each Ti site (1 to 4). The main DOS topology is similar for the three phases, see Figure   8a -c, while the anionic modifications lead to the filling of empty Ti1 d states (and Ti2 d states in a lower extend) at the bottom of the conduction band (CB) giving total or partial Ti 3+ character on these two sites. This is highlighted in Fig 8d, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 has a high photocatalytic activity for overall water splitting under UV irradiation with high quantum yields. 38 Optimization of its morphology 13 and surface 39 area greatly improves its Figure   10a , the hydrogen evolution reaction current begins at the very low value 0.6 V vs. RHE in the dark for our ~500 nm thick mesoporous film, corresponding to a remarkable shift of ~1 V This observation may be related with the poor reducibility of titanium species located at the edge of the octahedral blocks (from our DFT simulations), which may act as a redox-barrier.
However apart from Ti 3+ segregation at the surface, responsible for extrinsic ferromagnetism, both reduction methods create a similar amount of oxygen vacancies close to 3%. It leads to 
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